The hemodynamics and oxygen saturation status of vascular are very important biomarkers for disease, such as brain glioma tumor and ischemia-reperfusion ulcer. Therefore, a high spatial resolution imaging tool for vascular imaging is demanded. Conventional optical imaging modalities, including confocal microscopy and two-photon microscopy, require external contrast agent to image blood vessels and are not sensitive to oxygen saturation. The development of photoacoustic microscopy provides a contrast-free, high-spatial resolution and functional vascular imaging tool. It's gaining more and more popularity in biomedical research. In this paper, we introduce a dual-wavelength opticalresolution photoacoustic microscopy (OR-PAM) system for functional imaging of vasculature. This system has demonstrated its application in brain glioma tumor imaging, as well as skin ischemia-reperfusion imaging.
INTRODUCTION
The hemodynamics and oxygen saturation status of vascular are very important biomarkers for disease [1] [2] [3] [4] [5] , such as brain glioma tumor [6] and ischemia-reperfusion ulcer [7] . Therefore, a high spatial resolution imaging tool for vascular imaging is demanded. Conventional optical imaging modalities, including confocal microscopy and two-photon microscopy, require external contrast agent injection to image blood vessels [7] [8] [9] [10] . Besides, they can only image the vascular outline but not the oxygen saturation inside the vessels.
Photoacoustic imaging (PAI) takes advantage of optical illumination and ultrasound detection, which enables contrastfree vascular imaging in deeper tissue [11] [12] [13] [14] . By using optical illumination and taking advantage of optical absorption contrast, PAI is able to distinguish the main endogenous chromophores in biological tissue, including melanin, oxyhemoglobin, deoxy-hemoglobin, water and lipid by using multiple lasers at different wavelengths [15] . Meanwhile, various exogenous contrast agents have been developed to assist PAI to achieve more specific measurement [16, 17] . Since biological tissue is highly scattering medium [18] [19] [20] [21] , optical signal easily gets scattered and thus attenuated [22, 23] . The imaging penetration has been always one of the major challenges of pure-optical imaging methods. PAI employs ultrasound detection instead of optical detection. The scattering coefficient of ultrasound signal in biological tissue is 2 -3 orders smaller than that of the optical signal [24, 25] . Consequently, the imaging depth of PAI is much * Malini_olivo@sbic.a-star.edu. higher than conventional optical imaging methods.
Because of the advantages of contrast-free measurement and deeper penetration, PAI is widely utilized in biomedical applications which involve imaging and monitoring of the vasculature [6, 26, 27] . In this paper, we introduce a dualwavelength water-immersible-MEMS based optical-resolution photoacoustic microscopy (OR-PAM) system for high spatial resolution functional imaging of blood vessels. The mechanical scanning OR-PAM system has been used for brain glioma tumor imaging and the treatment evaluation of combretastatin A4 phosphate (CA4P), an FDA approved anticancer drug [6] . Thanks to the high spatial resolution, OR-PAM could map the treatment response of every individual blood vessel. The study of glioma tumor monitoring has been reported in detail in other papers.
The upgraded MEMS-OR-PAM system has a high A-line scanning speed (> 10 kHz), which enables continuous imaging of some gradual-changing physiological phenomenon. Two individual nano-second pulsed laser (532 nm and 559 nm) are combined into a single beam. Fast wavelength switching can be achieved by using two lasers. Therefore, for each Aline scanning, the signal excited by both lasers are acquired. By using this method, the total imaging time of dual wavelengths is the same as single wavelength imaging. By applying a spectrum unmixing algorithm, the oxygen saturation image can be generated from the raw images of the two wavelengths.
The fast functional-imaging enables continuously monitoring of the vascular hemodynamic change. Vascular hemodynamic monitoring is critical for understanding ischemia-reperfusion (IR), which is the main cause of bedsore.
OR-PAM provides a non-invasive and high spatial resolution method to monitor the vascular during the reperfusion period. For the first time, the revascularization process can be imaged without any contrast agent injection. Moreover, the oxygen saturation of the veins can be used as a biomarker to understand the cause of the ulcer formation. Begin the Introduction two lines below the Keywords. The manuscript should not have headers, footers, or page numbers. It should be in a one-column format. References are often noted in the text 1 and cited at the end of the paper.
IMAGING SYSTEM
One of the most important components of a conventional OR-PAM system is the photoacoustic (PA) sensor. A PA sensor has an optical-acoustic combiner to deliver the excitation light source and collect the stimulated ultrasound signal, as shown in Fig 1 (a) . A two-dimensional mechanical motor system drives the PA sensor to scan the sample in x-y plane, as shown in Fig 1 (b) . Although conventional mechanical scanning OR-PAM system provides high spatial resolution, contrast-free vascular imaging and functional imaging capability, the imaging speed is a big limitation for real biomedical application. Typical acquisition time for one image is from 10 min to a couple of hours, depending on the scanning size. The main challenge is the scanning speed of the mechanical motor, which is normally limited within 20 mm/s.
To improve the imaging speed of OR-PAM system, there are several different methods being explored, including voicecoil scanning stage, hexagon scanner and microelectromechanical system (MEMS). This paper introduces a fast scanning dual-wavelength OR-PAM system based on a water-immersible MEMS scanner and its application in continuous monitoring of the skin ischemia reperfusion process.
The schematic of the dual-wavelength MEMS-OR-PAM system is demonstrated in Fig 3. The two lasers (532 nm and 559 nm) are combined into one single beam. Then the beam is collimated and received by a fiber collimator. An iris with tuneable aperture is used to control the light intensity. The fiber then delivers the laser into the PA sensor. Along the optical path in the PA sensor, a 95 (transmission):5 (reflection) beam splitter is used to spare a small portion of the light into a photodiode. During imaging, the photodiode records every laser pulse intensity for normalization purpose. A water-immersible MEMS scanner reflects the optical beam onto the sample and acoustic signal into the ultrasound transducer. The MEMS scanner works in single dimension. A mechanical motor works at the diagonal direction of the MEMS scanner. The combination between MEMS and mechanical motor guarantees fast imaging speed and imaging field of view. A PC with LabVIEW controls the lasers, MEMS, mechanical motor and the acquisition of ultrasound transducer. 
RESULT
The ischemia was induced to the mouse ear skin by clamping two magnets for 1.5 hours. Before the release of the magnets, the mice were anaesthetized by ketamine-xylazine (15 mg mL -1 ketamine mixed with 1 mg mL -1 xylazine; 8 μL g -1 bodyweight) and placed on the imaging stage of the MEMS-OR-PAM system. Immediately after the release of the magnets, the water tank was installed on top of ear skin. Then the bottom part of the PA sensor was immersed in the water tank.
Dual-wavelength MEMS-OR-PAM system was used to image the ischemic ear skin continuously with a time interval of 4 min. The entire imaging period lasted for about 2 hours, within which the vascular network re-vascularized from the ischemic status. The vascular images at several time points along the reperfusion process are shown in Fig 4. Comparing with the unaffected tissue on the left side, the ischemic tissue had very little blood signal and broken blood vessels in the beginning of reperfusion (Fig 4, t=0) . The big vessels in the ischemic tissue gradually recover, especially the arteries. The capillaries followed the big vessels and got reperfused. At the end of the reperfusion (Fig 4, t=128 min) , the vascular network fully connected with significant amount of blood signals.
The entire reperfusion could be captured continuously by the dual-wavelength MEMS-OR-PAM system at a time interval of 4 min. The detailed changes of the vascular network will provide significant help to biological studies. 
CONCLUSION AND DISCUSSION
Our MEMS-OR-PAM system provides fast dual-wavelength imaging capability, which enables continuous monitoring of gradual-changing biological phenomenon, such as ischemia-reperfusion. PAM has been gaining popularity in biological applications, such as tumor monitoring and vascular diseases. We envision that it will play an important role in biomedical environment in the future.
